Abstract Human copper transporter 1 (hCTR1) is the major high affinity copper influx transporter in mammalian cells that also mediates uptake of the cancer chemotherapeutic agent cisplatin. A low resolution structure of hCTR1 determined by cryoelectron microscopy was recently published. Several protein structure simulation techniques were used to create an all-atom model of this important transporter using the low resolution structure as a starting point. The allatom model provides new insights into the roles of specific residues of the N-terminal extracellular domain, the intracellular loop, and C-terminal region in metal ion transport. In particular, the model demonstrates that the central region of the pore contains four sets of methionine triads in the intramembranous region. The structure confirms that two triads of methionine residues delineate the intramembranous region of the transporter, and further identifies two additional methionine triads that are located in the extracellular N-terminal part of the transporter. Together, the four triads create a structure that promotes stepwise transport of metal ions into and then through the intramembranous channel of the transporter via transient thioether bonds to methionine residues. Putative copper-binding sites in the hCTR1 trimer were identified by a program developed by us for prediction of metal-binding sites. These sites correspond well with the known effects of mutations on the ability of the protein to transport copper and cisplatin.
Introduction
Copper (Cu) is an essential micronutrient required for the function of numerous intracellular enzymes including superoxide dismutase, cytochrome c oxidase, lysyl oxidase, and dopamine b-hydrolase [1, 2] . Since Cu is not always abundant in the environment, cells have evolved a complex system of Cu transporters and chaperones that accumulate Cu. On the other hand, Cu is toxic due to its ability generate reactive dioxygen species by cycling between Cu(I) and Cu(II) under physiologic conditions. As a result, cellular mechanisms must prevent oxidation of Cu(I) while making free intracellular Cu ions available. This is achieved by a complex set of management strategies that maintain intracellular Cu at vanishingly low concentrations (\10 -18 M). The major high-affinity mammalian Cu influx transporter in this system is CTR1, which is responsible for passage of Cu(I) through the plasma membrane and its transfer to one of three distinct intracellular chaperones. The chaperones, in turn, deliver the Cu(I) ions to Cu-dependent enzymes. CTR1 is of interest in cancer chemotherapy because it is also the major influx transporter for Pt ions in the form of cisplatin (cDDP) and carboplatin in tumor cells [3] . These Pt therapeutic agents interact with the N-terminal methionines of CTR1; this interaction plays a significant role in the transport of cDDP and carboplatin into the cell [4, 5] . Knockout of the gene coding for CTR1 markedly reduces the influx of these Pt-containing drugs and renders cells resistant to their cytotoxic effect both in vitro and in vivo [6] [7] [8] .
Functional human copper transporter 1 (hCTR1) is a homotrimer in the plasma membrane, where each constituent monomer contains 190 amino acids. Folded monomers contain an extracellular N-terminal domain of 67 amino acids, three transmembrane domains, an intracellular loop of 46 amino acids that connects the first and second transmembrane domains and a 15-amino acid C-terminal intracellular tail. The N-terminal domain of hCTR1 contains histidine-and methionine-rich motifs similar to those found in other ion transport proteins, and is glycosylated at ASN15 and THR27. While the exact mode of Cu(I) internalization by hCTR1 is not clear, the trimer appears to form a central pore that functions as a channel [3] . CTR1 is specific for transport of Cu(I). Influx is energy independent [9] , but is influenced by temperature, pH, and K
? [10] . The specificity for Cu(I) suggests the involvement of thioether coordination to methionine in the transport process [11] . It has also been proposed that the N-terminal domain acts to concentrate Cu ions, while C189 at the C-terminal end functions as a switch to open and close the pore [12] . High concentrations of Cu, and low concentrations of cDDP trigger removal of CTR1 from the membrane by endocytosis. In some types of cells this is accompanied by degradation [13] [14] [15] , whereas in others it is not [16, 17] . It has been hypothesized that degradation may serve to prevent accumulation of toxic levels of the metal [17] [18] [19] [20] . In mammalian cells, where cDDP induces CTR1 degradation, the protein becomes ubiquitinated [21] , while inhibition of proteasome function can block the degradation [14] and enhance the uptake and cytotoxicity of cisplatin [15] .
Despite the importance of hCTR1 in both physiological Cu transport and in the cellular pharmacology of the Ptcontaining drugs, information about its structure has only recently become available. Cryoelectron microscopic studies [22, 23] have recently provided a 7 Å resolution structure of the hCTR1 transporter [24] . The trimer appears to form a narrow pore at the outer leaflet of the plasma membrane that widens into a vestibule on the intracellular side [24] . Using this structure as a starting point, we have used contemporary protein structure prediction tools to create a model of the entire hCTR1 protein that is consistent with the above-mentioned crystal structure. The allatom model of hCTR1 provides new insights into the mechanism of Cu and cDDP transport that are consistent with existing experimental data on Cu transport by this transporter. This validation by experimental mutational analysis provides confidence of the validity of the all-atom model in identifying important binding sites and as a starting point for computer-based drug design.
Methods

Modeling of hCTR1 Structure
The structure of the hCTR1 transporter was modeled using the following steps. The regions of the molecule that appeared to contain helical structure based on the results of cryoelectron microscopy were modeled using the low-resolution structure and the model of transmembrane regions that was obtained using both the low-resolution structure and the results of tryptophan scanning analysis [21] [22] [23] . The last has been supplied by Unger (personal communication). We used the homology modeling program from the InsightII program package (Accelrys, San Diego). Three dimensional comparison of our model and Unvin's structures was conducted based on CE algorithm [25] , the analysis gave an RMSD = 0.785 Å between the C-alpha atoms in the region of superposition. The three extracellular parts of the structure were then modeled separately. The N-terminal extracellular domain was modeled by Robetta sever in ab initio mode [26, 27] . Positions of the N-terminal domain on the membrane surface and the composite configuration of the N-terminal of the hCTR1 trimer were modeled by our program MAPAS [28] that predicts the protein-membrane contacting surface (Fig. 1a) . The combined MAPAS scores for this prediction, including a number of membrane contacting residues and membranephilic area score, was best for the N-terminal domain model shown in Fig. 1c . Location of the residues that connect the N-terminal extracellular domain with the transmembrane helices modeled by cryoelectron structure [24] (residues around 67), along with the symmetric configuration of the N-terminal domains (Fig. 1b) , creates a unique configuration and membrane positioning of the trimer N-terminal parts (Fig. 1c) . The small regions of adjacent residues were refined using the fragments in the PDB databank substitution module of the InsightII/Homology program (Accelrys, San Diego). Figure 2 shows the alignments with predicted secondary structure of the hCTR cytoplasmic loop and C-terminal tail residues with the first threading templates selected by I-Tasser program [29, 30] . Threading [29] identifies template proteins in solved structure databases with a similar structural motif to the query protein sequence. The first template structure proposed by the program threading template usually has the top score in further structure prediction. We used the I-Tasser selections: protein 3BBO as a template for modeling the cytoplasmic loop, and 3CMA protein (a representative of the set of proteins with the identical sequences 3CMA, 3CC2, 1QVF, and 1S72) for modeling the C-terminal tail. The templates were aligned with the density map of the cryoelectron microscopy structure [22] of the CTR1. When superimposed on the cryoelectron microscopy structure, the N-terminal end of this loop model clearly continues the transmembrane helices of each hCTR1 monomer, while the C-terminal ends are located at the beginning of the next transmembrane helices. Moreover, the map of electron density from the cryoelectron microscopy structure has maximums close to the ''edge'' points of this loop part of the CTR1 model when the two are superimposed (Fig. 3 ).
Molecular Dynamics (MD) Simulations
We prepared the system including CTR1 and POPC membrane with 256 lipids, with the water box having a height of 15 Å on the axis perpendicular to the membrane. The system included 8,784 protein atoms, 32,964 lipids atoms, and 59,817 water atoms. The NAMD molecular dynamics program (version 2.5 [31] was used with the CHARMM27 force-field parameters [32] . The temperature was maintained at 310 K by means of Langevin dynamics using a collision frequency of 1 ps -1 . A fully flexible cell at constant pressure (1 atm) was employed by the Nosé-Hoover Langevin Piston algorithm [33, 34] as used in the NAMD software package. We conducted unrestrained (MD) for 20 ns with a time step of 2 fs using mesh Ewald for electrostatics, grid spacing of 1 Å , with periodic boundary conditions, and a cutoff of 12 Å . The corner 16 lipids at the membrane boundaries were fixed. typical structures of metal-protein complexes contained in PDB. We initially created a database of all possible binding sites for various metals present in the selected part of the nonredundant PDB. We then tested the program on proteins that were not used to develop the adaptive scores for Cu and Ptbinding sites. The program predicted more than 80 % of all Cu-binding sites in this part of the PDB with a Ca RMSD of 1 Å . Below, we briefly describe the program for Cu ions. The database of Cu and PT-binding proteins was divided into sub-groups according to the number of side chains (pairs, triads, and quadruples) that make close contact with Cu ions.
The search algorithm identifies protein structures that are structurally similar to those known to bind Cu ions. Initially, the program checks for possible binding sites on the surface of a protein. The program identifies sites having the specified residue-Cu combination pairs, then the selected sites are filtered with an RSMD filter to find atoms that can be placed within 3.5 Å of a hypothetical Cu ion. Atoms that pass this filter are then considered as possible metal-contacting protein sites. Table 1 lists the information obtained. The data in Table 2 presents a list of the most frequent Cu-residue contacts in the PDB databank and the scoring functions for the binding sites prediction.
Results
hCTR1 Model Structure Incorporates the Helices of the X-ray Structure
Modeling hCTR1 is a significant challenge: there are no homologous protein structures available where a transmembrane channel is formed by a trimer. hCTR1 was Information from this table was used to calculate the scoring function presented in Table 2 : P s = (P n /RP n ) 9 100 % (where P n is the number of contacts for the metal-specified residue atom in the pdb); infrequently occurring contacts have a negligible score function C, H, M-one letter code for amino acids modeled by taking the existing cryoelectron microscopy data [20] [21] as a starting point and analyzing possible conformations for the protein using several protein structure prediction methods. Figure 4 shows the structure of the model (ribbon presentation) produced by this procedure. Residues that our analysis suggests are involved in Cu transport are represented in CPK format.
Extracellular Domains of the CTR1 Monomers and Trimer are Stabilized by Hydrophobic Interactions
In the N-terminal extracellular domains of the hCTR1 subunits, the hydrophilic residues are located mostly on the surface of the protein, and a number of histidine residues including HIS3, HIS5-6, HIS22-24, and HIS33, are solvent accessible. As described below, we believe that these residues bind Cu(I) ions as the first step in the transport process. The polar residues ASP2, ASP13, ASP37, LYS52, and GLU55 are also solvent accessible. The abundance of negative residues creates a total negative charge of -9 electrons for the N-terminal extracellular domain of hCTR1, so it will have significant attraction for positively charged ions. The highly hydrophilic surface of the extracellular domain makes it quite soluble in water, but the N-terminal domain also contains a significant number of hydrophobic interactions that provide a physical basis for conformational stability. Residues MET12, PHE47, PHE49, VAL54, LEU56, PHE58, ILE83, the hydrophobic part of TYR11 and MET1 along with the MET42 and LEU57 pair create a very strong intrinsic hydrophobic network. This region has few hydrogen bonds salt bridges or disulfide bonds that might restrict flexibility. As a result, movement of the entire transporter can occur by rotation of the subunits relative to each other. The hydrophobic interactions may provide the flexibility for the proper functioning as an opening and closing transporter in its trimeric form, while also providing sufficient stability to restore the conformation of this domain after it has been perturbed. It is important to note that the interfaces between the N-terminal extracellular domains of adjoining monomers are also supported exclusively by hydrophobic interactions. If one follows the channel from the first level MET45 triad (Fig. 4b) , the first point of hydrophobic interactions exists between methionines 45A, 45B, and 45C. Strong hydrophobic interactions also link the MET45 residues and PRO44 residues of the neighboring subunits. At the second level, the extracellular domain of the trimer is stabilized by hydrophobic interactions involving the MET43 triad. At the third level, hydrophobic interactions involving the MET154 triad and interactions between the MET154 residues with LEU151 of the neighboring subunits contribute to conformational stability. The trimer is also stabilized by hydrophobic interaction within the MET150 triad at the fourth level. Taking into consideration all the hydrophobic interactions that keep the N-terminal parts of CTR1 together leads to the prediction that this transporter would be less stable and consequently less efficient at lower temperatures since hydrophobic interactions lose strength at low temperatures.
The Extracellular Domain of the hCTR1 Trimer Contains Four Methionine Triads that Constitute the Channel
When viewed from the side, one can see that a channel is formed by the four triads of methionines, which align into four stacked rings (Fig. 4a) . When viewed from above the membrane (Fig. 4b) , it is apparent that all four methionine triads are aligned to form a channel. The ring formed by the lowest triad in the stack, the one closest to the extracellular surface of the membrane, is clearly seen and shows that the structure is in the ''closed'' state. This is consistent with the observation that the crystal structure determined by cryoelectron microscopy is in closed state. The conformation of the closed state is also supported by MD simulations [35] .
The distances between the Ca atoms of the methionine residues in adjacent triad rings varies from 5 to 7 Å , while the distance between sulfur atoms in each adjacent triads varies from *4 to 6 Å (Fig. 4a, b) .
Tail-to-Tail Packing of the C-terminal Domain Creates Specific Cu-Binding Sites
The side chains of histidines 188 and 190 are located close to each other in the C-terminal tail of hCTR1. Rotation of the CYS189 side chains along the CA-CB bond changes the conformation of the two adjacent CYS189 residues so the distance between the S atoms can be suitable for positioning of Cu atoms. It is also noteworthy that the CYS189 residues are located close to MET106 of the neighboring subunits; the distance between their sulfur atoms is\5 Å . Similar pairs of CYS residues participate in Cu ion binding in several other protein structures in the PDB databank, making this region a candidate for a Cubinding site. Cu bound at this site would stabilize the trimer and C-terminal region of the individual subunits. Positions of Cu atoms near the HIS188, HIS190 residues (violet spheres in Fig. 5 ) are predicted by our program Metbind.
Identification of Cu-Binding Sites Within CTR1 Figure 5 shows the predicted Cu-binding sites in hCTR1 that were identified by the most stringent discrimination and filtering criteria of the METBIND program. Each of the sites has a structural homolog in the PDB. Possible binding sites for Cu ions that occur in the extracellular N-terminal region include HIS23-HIS6, HIS6-HIS33, ASP2-HIS3, HIS23-MET7, HIS3-MET4 and at the site between MET12 and the carbonyl oxygen atom of PRO20. All these sites were formed by interactions within the same monomer. Binding of Cu to HIS3, HIS5, and HIS6 has been shown by Cu competition with alanine substituted 1-14 N-terminal hCTR1 peptides [36] . All four stacked rings of methionines are also identified as Cu-binding sites (MET45, MET43, MET154, and MET150). All predicted Cu-binding sites on the cytoplasmic face of the protein were associated with HIS188 and HIS190. HIS-HIS sites have previously been shown to form stable complexes with Cu ?1 [37] . It is noteworthy that yeast CTR1 does not have histidines in its extracellular domain. This can be attributed to the fact that yeast must import Cu from acidic environments, where histidine binds Cu poorly. This is in contrast to mammalian systems, where hCTR1 imports Cu from a neutral environment [38] . A possible Cu-binding site may also exist between CYS189 and MET106 of the neighboring subunit; such an interaction could play a role in stabilizing the trimer. These predicted binding sites are organized in a manner expected to provide a clear path from the extracellular domain, through the plasma membrane to the intracellular domain.
Transport of Cu in hCTR and Role of Electrostatic Field
CTR1 is not an ATPase and transport of Cu by hCTR1 is a passive process. We calculated the profile of the electrostatic field of the CTR1 trimer by Poisson-Boltzmann equations. Figure 6 shows the electrostatic profile of hCTR1 with equipotential surfaces of ?1.8 (blue) or -1.8 (red) electrons. The model predicts that Cu ions coming from the extracellular environment are attracted to the negative extracellular domain (top of the model structure in Fig. 6 ), where they are concentrated and directed toward the central MET triads. The central part of the channel is neutral so passage through this section must involve protein-mediated transfer into the intramembranous part of the channel that does not depend on an electrostatic field. A number of possible mechanisms can be proposed for this transfer [39] . An example of such a mechanism for the transfer of Cu from ATOX1 to APT7B has already been reported [40] . The sides of the channel closest to the center of the transporter on the cytoplasmic side are positive and the parts located farther from the center are negative. This unique charge profile at the cytoplasmic side of hCTR1 creates a dipole moment leading metal ions from the exit of the channel toward sites where they are stored before their transfer to the intracellular Cu chaperones.
MDs of CTR1 in the POPC Membrane
The results show that during the simulations the transporter remains reasonably stable (Fig. 7) . The regions containing amino acids 67-94 and 126-180, constituting the transmembrane and adjacent residues, are stable with overall RMSDs of \1.5 Å during 20 ns MD simulations (Fig. 8) . The N-terminal portion of the transporter has the maximum RMSD during MD, as expected for an extracellular region, and the intracellular loop including residues 95-125 and the C-terminal domain also have significant flexibility (Fig. 8) . The behavior of these regions is consistent with the results of cryoelectron microscopy, where the flexibility of these regions was so high that their structures were not resolved. It is important to note that the transporter exists in a large number of possible conformations with finite statistical probability. We expect that our model represents the centroid of these many possible conformers. One of the important features of the model is elucidation of four methionine-triads at residues 43, 45, 150, and 154 of each subunit. Figure 8b shows the evolution of the important distances between the methionine sulfur atoms during MD. One can see that distances remain within a reasonable level of stability between 4 and 6.5 Å . 
Discussion
Correspondence Between Model Predictions and Mutational Analyses of Cu Transport
Some information is available in the literature on the effect of deletion or mutation of specific motifs and amino acids on the ability of hCTR1 to transport Cu. Table 3 provides a summary of this information. In many cases, the effect of these deletions and mutations is consistent with the all-atom model presented here. The model predicts that transport will be disrupted if any methionine residues in the four triads (MET45, MET43, MET154, and MET150) are converted to an amino acid that is unable to bind Cu. Interestingly, when expressed in Sf9 cells, removing the first two triads formed by MET45 and MET43 (by deletion of the first 53 amino acids) decreased Cu transport only 70 %, whereas removal of the first 69 residues decreased the Cu transport by 90 % [41] . On the other hand, reductions of [10-fold were observed when both MET45 and MET43 were converted to alanine [42] , or glutamine [16] . The results suggest that while deletion of METs 43/45 permits efficient diffusion of free Cu ions into the channel, replacing METs 43/45 with non-coordinating residues creates a steric barrier to Cu uptake. In other words, METs43/45 are not required for free Cu ions to enter the channel, but placing a non-coordinating residue at this location creates a physical block to Cu transport. The role of METs43/45 in the carefully regulated physiological movement of Cu from transport proteins to the hCtr1 remains to be evaluated. The other two methionine triads that lie more deeply in the intramembranous region (MET150 and MET154) appear to be more important to transport of free Cu.
Conversion of MET150 or MET154 to amino acids that are incapable of binding Cu produced almost complete inhibition of Cu transport [16, 41, 42] . Similar observations have been made with yCTR1 [40] . It is noteworthy that when MET150 and MET154 were replaced with either cysteine or histidine (both of which can bind Cu) a functional form of yCTR1 was produced [42] . This provides further evidence for the crucial nature of the interaction of Cu with the methionine triads that line the channel. The allatom model predicts that the possible dynamic movement of the upper two rings of methionines is substantially greater than that of the lower two rings the movement of which is quite constrained. Flexibility of the N-terminal extracellular part of hCTR1 was reported to be the main reason why the crystal structure determination in this part of the transporter was not successful [24] .
The all-atom model of CTR1 predicts that the C-terminal HIS188-CYS189-HIS190 motif of CTR1 serves to bind Cu after it has moved through the channel (Fig. 2) . Deletion of either the last 6 or 12 amino acids of CTR1, or conversion of CYS189 to serine slightly reduced V max for Cu transport (10-30 %) [41, 43] . The structure of CTR1 presented here predicts that deletion of the last six amino acids of CTR1 will eliminate the Cu-binding site formed by CYS188 and HIS190. Deletion of the last 12 amino acids also eliminates GLU187, which has an electrostatic interaction with ARG102 of the neighboring subunit. The absence of such an interaction would be predicted to alter the conformation of the C-terminals of the hCTR1 trimer and affect Cu transfer to chaperones. The reduction in V max is sufficiently small that it does not appear this region influences the rate limiting step for uptake of free Cu ions. Instead, this region may be involved in the transfer of Cu to intracellular transport proteins. Consistent with this notion, the HIS188-CYS-HIS190 motif appears to be required for docking of CTR1 to metallochaperones such as ATOX1 [44] , and CYS189 has been reported to serve a gating function as it accepts Cu ?l from more proximal portions of the CTR1 channel [24] . How the HIS188-CYS-HIS190 motif functions to transfer Cu(I) to the Cu chaperones has not yet been defined.
The all-atom model provides an explanation for several paradoxical effects on Cu transport observed in mutational studies. For example, conversion of HIS139 to arginine was found to produce a large increase rather than decrease in both K m and V max for Cu transport [41] . HIS139 together with GLN142 is an attractive site for transient binding of Cu. Conversion of HIS139 to arginine introduces a repulsive force at this site that would be expected to prevent the positive Cu ?1 from binding. These changes would be expected to increase V max because the ions would not stop at these sites, but at the same time decrease Cu affinity leading to an increase in K m . Likewise, conversion of GLY167 to serine reduced the K m and markedly decreased the V max for Cu transport [16] . This effect can now be explained on the basis of the observation that in the all-atom model this residue is located within one of the transmembrane helices of hCTR1 and is very close to ALA192 of the neighboring helix of the same subunit. Insertion of a side chain of any size would be expected to affect the positions of the helices and reduce the efficiency of transport.
Correspondence Between Model Predictions and Mutational Analysis of CTR1 Degradation
High levels of Cu trigger endocytosis of CTR1, and in some types of cells this is accompanied by degradation [13] [14] [15] , which may serve to limit accumulation of toxic levels of the metal [17] [18] [19] [20] . cDDP triggers CTR1 degradation at much lower concentrations and this limits the amount of cDDP that enters the cell and reduces its cytotoxicity [14, 15] . In yeast, the degradation of CTR1 requires the E3 ubiquitin ligase Rsp5 [20] . In mammalian cells, cDDP induced degradation causes CTR1 becomes ubiquitinated [21] ; inhibition of proteasome function can block the cDDP-induced degradation [14] and enhance the uptake and cytotoxicity of the drug [15] . The LYS178/ LYS179 motif in the C-terminal domain of CTR1 is a potential site of ubiquitination, as is LYS121; the model predicts these sites are solvent accessible. In the all-atom model, LYS178 and LYS179 are close to the cytoplasmic side of hCTR1 well away from the channel, and thus would not be predicted to have a major effect on Cu transport. However, the model indicates that the side chain of LYS178 is exposed to the solvent and positioned, where it can interact with incoming molecules such as an ubiquitin ligase. The side chain of LYS179 is less exposed to the solvent, but it is positioned close to ARG102 of the neighboring hCTR1 subunit. This combination of two positively charged residues would be expected to create a repulsive force between the subunits that acts to decrease the total attractive forces between the hCTR1 monomers that keep the transporter together. When LYS179 is converted to alanine this repulsion force is deleted and the trimer would be expected to be more stable and less susceptible to degradation. These predictions have been borne out experimentally in mammalian cells. Whereas cDDP induced rapid degradation of wild type hCTR1, it failed to enhance ubiquitination or trigger degradation of a variant in which both LYS178 and 179 had been converted to alanines (Safaei, personal communication, 2011) . Another site of interest in hCTR1 with regard to the induction of degradation is TYR103 that is located in the intracellular loop between the first two transmembrane domains. Tyrosines in the cytosolic domains of proteins are often involved in endocytosis [45] . TYR103 is of particular interest because the TYR-X-X-MET motif within which it resides is a potential phosphorylation site that once phosphorylated this motif would be a candidate for binding to the SH2 domain of the p85 subunit of PI3K, which is involved in the endocytosis of PDGF and many other surface proteins [46] . The all-atom model indicates that TYR103, MET106, and other members of the site TYR-ASN-SER-MET are located in the region that is a part of the outside surface of the transporter.
Predictions Regarding the Mechanism of Cu Movement
One of the interesting features of CTR1 is that it transports Cu ?1 but not Cu ?2 . This transport is unidirectional from outside the cell to its interior. The all-atom model provides some new insights into this behavior. There are distinct differences between the preferences of Cu ?2 and Cu ?1
ions. The Cu ?2 ion prefers a planar or octohedral geometry because of Jahn-Teller distortion of d9 electron configuration, while Cu ?1 forms a filled d10 configuration that does not have such stringent preferences and can participate in a number of 2-, 3-, and 4-coordinated sites [47] . This explains why hCTR1 selectively transports only Cu ?1 . The Cu ?1 is stored at the 2-and 3-coordinated sites in the extracellular domain and then shifts to 3-and 4-coordination as it passes through the MET triads. It again returns in Cu ?1 form on the intracellular side of the transporter because of a variety of mostly 2-coordinated systems and the organization of 3-coordinated system that mediates transfer to the intracellular Cu chaperones.
